Abstract In Costa Rica, a lot of pineapple (Ananas comosus) and banana (Musa AAA) agroindustrial residues are generated each year. These residues can be used to obtain L-lactic acid by fermentation, ultrafiltration and electrodialysis. Poly(L-lactic acid) (PLLA) is a biodegradable and renewable polyester with many industrial and biomedical applications. There is a growing interest to improve the energetic efficiency of the synthesis of PLLA, because the main issue to produce this polymer is the high productive cost compared with petrochemical traditional commodities. In this research, the synthesis of PLLA through two different techniques was compared: microwave-assisted and conventional heating. On microwave synthesis the best results were obtained using lower temperatures and lower reaction times than the conventional heated synthesis. The reaction time was reduced from 15 h by conventional heating to 4.5 h using microwave-assisted synthesis.
Introduction
In the last years, the two major export products in Costa Rica were the banana (Musa AAA) and the pineapple (Ananas comosus). The agro-industrial banana and pineapple wastes have been an environmental problem. These wastes are a carbohydrate source and these can be used to produce fermentative derivatives. Recently, a process for production of 15-16 g/100 mL L-lactic acid from agroindustrial wastes was developed, by means of an enzymatic pretreatment, lactic fermentation, nanofiltration and electrodialysis purification [1] .
There are two traditional ways to polymerize the lactic acid: the ring opening polycondensation and the direct melt polycondensation. The ring opening method consists of synthesizing a dimeric cyclic compound (lactide), which can be polymerized through further chemical reactions; the direct melt polycondensation does not need an intermediate compound, and produce a low molecular weight polymer [2] [3] [4] [5] [6] . Some of the advantages of the ring opening polymerization method are the higher molecular weight, as well as the purity of the lactide obtained by sublimation. The advantages of the direct melt polycondensation method are the lower production cost and the easier experimental procedure. Scheme 1 shows the two ways to obtain poly (L-lactic acid) (PLLA).
The poly(L-lactic acid) is a biodegradable and biocompatible polymer. PLLA is considered the first biodegradable polymeric commodity, because the PLLA properties which are comparable with polyethylene and polypropylene resins.
The applications of PLLA include biomedical devices as drug delivery systems, bioabsorbable fixation devices, bone regeneration and tissue engineering in general [7] [8] [9] [10] [11] .
The major issue related to the substitution of petrochemicals polymers by PLLA is the higher cost of production. Recently, many groups are researching to develop a cheaper method to produce PLLA. Some alternatives are: biocatalysis, microbial production, use of a more efficient catalyst and microwave synthesis. In fact, these techniques are cataloged under the Green Chemistry brand new concept.
Actually, reports of some methods to produce PLLA by microwave radiations are reported in the literature [12] [13] [14] , but, those are made on conventional microwave ovens. The use of the conventional microwave oven to make chemical reactions has the following disadvantages: poor safety, low reproducibility, lower energetic efficiency and difficulties to monitor the reaction parameters.
In this study we proposed to compare the synthesis of poly(lactic acid) using a microwave-assisted process and a conventional heating synthesis, it was studied in two stages: oligomerization or dehydration and subsequent polymerization, were used different temperature and pressure conditions.
Experimental Section
Materials and Chemicals (S)-Lactic acid (Merck KGaA Chemicals, Germany) 85 % was used to prepare 15 g/100 mL L-lactic acid solution. Tin(II) 2-ethylhexanoate and potassium bromide (Sigmaaldrich, USA), acetone, isopropanol, chloroform and potassium hydroxide (J.T. Baker, USA) were used without further purifications. Industrial nitrogen gas was dried with drierite moisture trap.
Synthesis microwave oven, CEM Discover SYSTEM, model No: 908005 at 120 W and a vacuum pump Büchi V-700 with Vacuum Controller V-855 was used in the microwave-assisted synthesis. IKA WERKE laboratory reactor, model LR-2.ST with torque measurement instrument IKA, model VK 600 viscoclick, coupled to heating oil bath LAUDA, model Ecoline E306, and the vacuum system Buchi V-700/V-850 was used in the conventional synthesis. The concentration was realized in a rotary evaporator Buchi R-110. Thermogravimetric analysis (TGA) was realized in a TA instrument model Q500. FTIR analysis was realized in a spectrophotometer Thermo Scientific, model Nicolet iS10.
Conventional Heating Synthesis of Oligomeric L-Lactic Acid
The oligomer synthesis was divided into two stages: concentration and oligomerization. The concentration stage consisted on heating 300 mL of 15 g/100 mL L-lactic acid applying vacuum in a rotary evaporator at 60°C, for 3 h. At the end of this stage, the final concentration was 75-80 g/ 100 mL L-lactic acid (volumetric). The oligomerization stage was developed in a laboratory reactor using 500 mL of L-lactic acid, at 150°C. The pressure profile begins at 850 mbar constant for 1 h, then a linear gradient starting at 850 mbar and ending at 30 mbar for 2 h, and finally used was a linear gradient starting at 130 mbar and ending at 25 mbar by 4 h. The reaction was monitored by torque measurement in situ.
Conventional Heating Synthesis of PLLA
The polymerization was developed in a laboratory reactor at 170°C and under a constant pressure of 25 mbar, starting with the oligomeric lactic acid from last stage and 1 % (m/m) of tin(II) 2-ethylhexanoate. The reaction was monitored by torque measurement in situ.
Microwave-Assisted Synthesis of Oligomeric L-Lactic Acid
Four different reaction systems were prepared with 30 mL of 15 g/100 mL lactic acid, flasks were used under a vacuum distill apparatus, and these were heated with the microwave oven. The first was carried out at a constant temperature of 80°C for 1.5 h. The second was obtained starting at 80°C (15 min) and then at 100°C to complete 1.5 h. The third one was initialized at 80°C (15 min), then 100°C (15 min) and finalizing at 120°C to complete 1.5 h. The fourth started at 80°C (15 min), then 100°C (15 min), followed by 120°C (15 min) and finalizing at 140°C to complete 1.5 h. The pressure in all the cases at the beginning was 500 mbar for 15 min, then was applied a linear gradient beginning in 500 mbar and finishing in 25 mbar, this was applied for 15 min and then a constant pressure of 25 mbar was applied. All the systems were stirred with magnetic stirring. The evolution of the reaction was followed through the determination of the acid value, taking samples by duplicate each 15 min; these were preserved at 5°C. Previous to the reactions, the systems were purged with dry nitrogen, and vacuum. Ice/salt or dry ice/ ethanol trap was used to protect pump from volatile substances.
Microwave-Assisted Synthesis of PLLA The best oligomer obtained was polymerized at 160°C and 25 mbar of pressure for 5 h using 0.5 % of tin(II) 2-ethylhexanoate. The reaction was monitored each hour of the reaction using TGA.
End Group Analysis: Acid Value (AV) 2 g of sample were dissolved in acetone and titrated with 0.1 M KOH in isopropanol, using 1 % phenolphthalein in ethanol as indicator.
Thermogravimetric Analysis
Samples were scanned from 25 to 500°C, with heating rate of 10°CÁmin -1 and under nitrogen inert gas flow of 20 mLÁmin
The molecular weight determination was carried out following the methodology proposed by Rozema [15] . The analysis was realized in chloroform, using 0,9-2,5 % m/v solutions and viscosimeter Cannon-Fenske Routine N°75 at 25°C, and using the Mark-Houwink-Sakura equation:g = 5.45 9 10 -4 M v 0.78 .
Infrared Spectral Data
The FTIR spectrum of microwave product was carried out in transmission KBr phase and the conventional heated product was carried out in a diamond ATR.
Results and Discussion

Conventional Heating
In poly(L-lactic acid) synthesis, usually the product suffers a caramelization process, that is because at the lactic acid purification process from fermentative source, the procedure does not remove the sugars completely. When the product caramelizes, it can be purified by dissolving it in chloroform by subsequent filtration in silica gel and/or precipitation with methanol, but the reaction yield is very low. For this reason it is very important to avoid the oxidation process and obtain a high purity product. Long reaction time should be avoided because the above mentioned conditions, that increase the risk of product oxidation. For this reason, the concentration-olygomerization one stage is inconvenient, because this process requires long times at higher temperatures. For this reason, a previous concentration stage was used.
The reaction was developed at 170°C because this is the higher temperature in which the lactide concentration was low. At higher temperatures than 170°C, the product depolymerizes fastly, and at lower temperatures the reaction rate is slower, requiring longer time and increasing the oxidation process. Figure 1 shows the torque variation of the product during oligomerization stage, versus the pressure profile.
In Fig. 1 it is shown that the reaction starts at 1 h, by addition of lactic acid. In the oligomerization stage, at the beginning, the torque decreases due to the sample has been heated. After 2 h, the torque increases, because the molecules are condensing. Upon 4 h, the pressure profile changes as well as the trend in the torque tendency as a result of the change in water extraction rate. At 7 h, the reaction finalizes. Figure 2 shows the torque variation during the polymerization stage.
In Fig. 2 , at the beginning, the torque decreases because the system was heated. Then, the torque increases linearly until ninth hour, then the reaction ends under these conditions. After 9 h, the effect of the depolymerization is important, and the torque decreases. In conventional heated synthesis, the molecular weight obtained was 10 685 Da. This result is in agreement with the direct melt polycondensation method. Figure 3 shows the infrared spectrum of conventional heated PLLA.
The main FTIR absorptions band were: CH 3 asymmetric stretch at 3,007 cm . The low absorption bands of the terminal groups and the displacement of carbonyl group band to higher wave number (esterification) indicate the reaction progress.
Microwave Synthesis
In the microwave-assisted synthesis, the temperature conditions evaluated are no constant because cannot be reached high temperatures at the beginning of the reaction because the water content is 85 %. The conditions proposed started at 500 mbar, because in vacuum the oxidation risk are lower, and also the method can be standardized since it no depends of atmospheric pressure. Figure 4 shows the acid value during olygomerization stage at different temperature conditions.
In all the cases the olygomerization stage (Fig. 4) showed that the acid value grows during the initial 30 min, because the diluted solution of L-lactic acid starts to concentrate, and the reaction is not perceptible. After 30 min, most of free water was removed, and the oligomerization reaction starts, inverting the acid value tendency, in all conditions evaluated. The decrease in acid value indicates the growing in oligomer chain. Figure 4 shows the reaction tendency at different conditions: in line A (80°C constant) and line B (to 100°C) the reaction continues until 60 min; in line C (to 120°C), the reaction continues until 75 min, and in line D (to 140°C) the reaction continues to 90 min. After these times, the acid value grows in each case. Figure 5 shows the variation in maximum decomposition temperatures of PLLA synthesized at different reaction times.
During the polymerization stage, the maximum decomposition temperature increases during the first 3 h and then decreases for the 4 and 5 h. The polymerization reaction has a maximum molecular weight at 3 h, and after this time, the lactide formation is significant. In all cases, the decomposition occurs in a single step: lactide formation and the difference in maximum decomposition temperature value is explained by the thermodynamically stability of higher molecular weight PLLA.
The obtained product was a colorless material, solid and glassy. The product can be recrystallized by dissolving it in chloroform and then precipitating it by methanol addition, obtaining a solid white powder, otherwise the product can be used without purification.
A product with a viscosimetric molecular weight of 7 030 Da was obtained, and a maximum decomposition temperature of this polymer was 282°C in a single event, corresponding to the lactide formation.
The microwave synthesis of PLLA, has a higher reproducibility, and in some cases decreases the time reaction, compared with previous reports [16] . The reaction yield is higher than 90 % in both cases. Figure 6 shows the infrared spectrum of microwave synthesized PLLA.
The C-C-O stretch at 796 cm -1 and skeletal vibration at 756 cm -1 . Comparing both methods, the PLLA by conventional heating was synthesized in 15 h, and by means of microwave technology the time can be reduced to 4.5 h. This time reduction implicates lower energetic cost and also improvement in the production profitability.
Conclusion and Recommendations
By conventional heating, the synthesis of oligomers of lactic acid has an optimal time of 6 h at 150°C and vacuum gradient ending in 25 mbar. In the microwave synthesis, the reaction time is reduced to 90 min at 140°C and vacuum gradient ending in 25 mbar.
The polymerization conditions, in oil heated synthesis has an optimal time at 9 h at 170°C and 25 mbar, and in microwave synthesis in 3 h at 160°C and 25 mbar. The total reaction time is reduced from 15 to 4.5 h.
The microwave synthesis can be realized at lower temperatures with similar results. This is important because the reaction occurs with a lower product oxidation, with better stereopurity and lower energetic cost.
